Kirby [1] [2] [3] [4] suggested that the spatial location of the subtalar joint axis may have a profound effect on foot function and that it affects the moments produced around the subtalar joint and, ultimately, all of the joints of the foot. Fuller 5 advanced this work further by demonstrating how the interrelationship between the center of pressure on the plantar foot and the spatial location of the subtalar joint axis may lead to abnormal stresses in the tissues and how this information may be used to predict pathology. This work forms the basis of a new paradigm of podiatric medical biomechanics: the subtalar joint axis location and rotational equilibrium theory of foot function. 6 It would seem reasonable, then, that knowledge of the spatial location of the subtalar joint axis during weightbearing activities would be clinically useful, offering invaluable insight into the normal and abnormal function of the foot. Indeed, Kirby (quoted by Menz 7 ) stated that "accurate determination of the spatial location of the STJ axis in relationship to the plantar foot would help greatly in increasing our knowledge of foot and lower extremity biomechanics." Recent research supports this contention that the subtalar joint spatial location may affect the biomechanics of the foot and lower extremity significantly enough to influence the anatomical location of mechanically related symptoms in the foot and lower extremity. 8 Although researchers have tried for years, using simple and sophisticated methods, to determine the spatial location of the subtalar joint axis, the literature reveals no clinically viable method that would allow tracking of this location in three dimensions during weightbearing function. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] With this in mind, we set out to develop an instrument that would allow this type of tracking: the subtalar joint axis locator (SJAL).
Materials and Methods
The SJAL is a device that consists of a clamping system that locks onto the calcaneus and two pointers that are attached to each other by means of a frame. The pointers may be aligned relative to the clamping
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A new clinical device, the subtalar joint axis locator, was created to track the three-dimensional location of the subtalar joint axis during weightbearing movements of the foot. The assumption was that if the anterior exit point of the subtalar joint axis is stationary relative to the dorsal aspect of the talar neck, then, by performing radiographs of the feet with the subtalar joint axis locator in place on the foot, the ability of the locator to track rotations and translations of the talar neck and thus the subtalar joint axis in space could be approximated. In this preliminary study of two adults, the subtalar joint axis locator accurately tracked the talar neck position during weightbearing rotational motions of the subtalar joint. The device was also used in a series of subjects to determine its dynamic capabilities. It is possible, then, that the subtalar joint axis locator can reliably track the spatial location of the subtalar joint axis during weightbearing movements of the foot. system, in three dimensions, to correspond to the anterior exit point of the subtalar joint axis on the anterior talus and to the posterior exit point of the subtalar joint axis on the posterior calcaneus ( Fig. 1) . Two subjects participated in this preliminary study: one man (age, 31 years; height, 6 feet 2 inches; and weight, 186 pounds) and one woman (age, 34 years; height, 5 feet 4 inches; and weight, 119 pounds). The methods used during this research conformed to ethical principles, and both subjects gave written informed consent. Ethical approval was granted by the research and ethics committee of the Plymouth School of Podiatry.
Identifying the Exit Points of the Subtalar Joint Axis
The anterior and posterior exit points of the subtalar joint axis were identified using the techniques described by Morris and Jones 16 : with the subject supine, a grid of dots was marked on the skin overlying the anterosuperior aspect of the talar head and neck. While the clinician viewed the foot from the front, the subtalar joint was put through its range of motion. By observing these dots on the skin during subtalar motion it was possible to identify the point at which the least amount of skin motion occurred. This point was identified and agreed on by two experienced clinicians, and it was identified as the anterior exit point of the subtalar joint axis ( Fig. 2A) . To identify the posterior exit point, the subject was positioned prone. A grid of dots was drawn on the skin overlying the posterolateral aspect of the calcaneus.
While the clinician observed the foot from the back, the subtalar joint was again put through its range of motion until the point of least motion was identified. This point was marked and was identified as the posterior exit point of the subtalar joint axis (Fig. 2B ).
Positioning the Subtalar Joint Axis Locator
With the subject weightbearing, the clamping system of the SJAL was secured to the medial and lateral aspects of the calcaneus. The pointers were then positioned so that they were directly in line with the anterior and posterior exit points of the subtalar joint axis (Fig. 3) . As a further check of the alignment of the SJAL relative to the subtalar joint axis, the foot was put through pronation and supination motions of the subtalar joint while the subject was supine on an examining table. Good alignment of the pointers of the SJAL was assumed to be present when pronation and supination motions of the subtalar joint produced a rotational motion of the pointers of the SJAL only along their long axes (ie, the pointers were spinning along their own axes).
Radiographic Study
Dorsoplantar radiographs were taken with the subject in three rotational positions of the subtalar joint: maximally pronated, relaxed calcaneal stance, and maximally supinated (Fig. 4) . The central beam of the radiography unit was angulated 10°from the frontal plane in a superoanterior-to-inferoposterior direction. This was the closest that the head of the radiography unit could be positioned to the subjects without causing them to stand in an unnatural position. The posterior and anterior pointers of the SJAL measure 4 mm in diameter at their widest point and taper to 1 mm at their narrow pointing end. Because the pointers are radiopaque and relatively narrow, visualization of the anterior and posterior pointers of the SJAL relative to the osseous structures of the foot was easy. To assess the magnification of the anterior pointer of the SJAL on the radiographs, the width of the anterior pointer of the SJAL and the image of this pointer on the radiographs were measured using a micrometer. The anterior pointer was found to be magnified by a factor of 1.2 on the radiographs. Although the problems of magnification are acknowledged to potentially affect measurements in radiographic studies, the anterior pointer of the SJAL and the talus were in such close approximation to each other anatomically that these factors probably had minimal effect on the measurements made in this study. The subtalar joint axis locator consists of a clamping system that attaches to the calcaneus, which is connected to a frame that contains an anterior and a posterior pointer. These pointers can be aligned independent of the clamping system and can be directed at the anterior and posterior exit points of the subtalar joint axis. The radiographs were measured as follows: the most medial and the most lateral aspects of the talar head were determined, and then a talar head line was drawn to connect these points. The anterior pointer of the SJAL was then bisected, and its line was extended posteriorly. The measured distance of the anterior pointer bisection line along the talar head line, from left to right, served as a reference for the relative position of the pointer to the talar head ( Fig. 5 and Table 1 ).
Dynamic Use
One of the objectives of this study was to develop an instrument that would allow tracking of the spatial location of the subtalar joint axis in three dimensions during weightbearing function. The radiographic study described previously here tested the use of the instrument in a static situation. To confirm that the instrument could be used in a true dynamic situation, we performed several basic dynamic studies with the device in situ, including walking barefoot and walking in modified footwear (Figs. 6-8 ).
Results
The results of the radiographic study showed that the position of the anterior pointer relative to the talar head did not change with rotation of the foot from maximally pronated to relaxed calcaneal stance The technique used to measure the radiographs involved drawing a talar head line across the talar head from its most medial to its most lateral aspect, bisecting the anterior pointer, and extending this bisection to the talar head line. Then the distance, from left to right, along the talar head line is measured to determine the relative position of the anterior pointer to the talar head. and then to maximally supinated (Table 1) . In other words, there was no displacement error between the motions of the anterior pointer of the SJAL and the talar head in any of the three subtalar joint positions.
Discussion
Although the sample used in this preliminary study was too small to draw definitive conclusions, the results obtained from the two subjects used in the radiographic study were very encouraging. Once positioned properly, the SJAL accurately tracked a point on the talar head in both subjects with zero displacement error even though the SJAL was physically attached only to the calcaneus. When weightbearing rotation occurred at the subtalar joint in the two subjects, the SJAL pointers moved because the clamping system of the SJAL was secured to the medial and lateral aspects of the calcaneus. The talar head was free to move independent of the pointers because the pointers of the SJAL were not physically attached to the talus. These preliminary results suggest that when the anterior pointer of the SJAL moves in response to calcaneal motion, the pointer stays in a constant position relative to the talar neck in the transverse plane. This was even more evident during nonweightbearing examination of the foot when the SJAL was in place and the foot was rotated about the subtalar joint relative to the tibia. In these open-kinetic-chain rotational movements of the subtalar joint, the rotational motions of the calcaneus and the anterior pointer of the SJAL occurred around a single point on the anterodorsal neck of an apparently immobile talus. This indicated that the SJAL was accurately tracking a single point on the talus that, according to our experimental findings, was the anterior exit point of the subtalar joint axis from the talus.
If, however, the talus and the calcaneus were not rotating around the axis defined by the SJAL pointers, subtalar joint rotation would have produced a rotational movement of the pointer relative to the subtalar joint axis. The rotational movement of the talus relative to the pointer would have been apparent by a change in position of the SJAL relative to the talar head in our measurements. Because the distance that an object travels along a circular path is equal to the mathematical product of the arc of its motion in radians and its distance from the axis of rotation, in our experiment, the greater the distance of the SJAL pointer from the actual axis of rotation of the subtalar joint, the greater would have been the error between the pointer and the talar head as the foot moved from maximum pronation to maximum supination. Because there was no observable difference between the talar head and the SJAL pointer in our study, one can reasonably assume that the SJAL was very close to tracking the actual spatial location of the subtalar joint axis from maximum pronation to maximum supination.
From our work with the SJAL, it is clear that the spatial location of the subtalar joint axis is dynamic, not fixed in space as earlier researchers believed. [9] [10] [11] The dynamic excursion of the subtalar joint axis in three dimensions during gait is likely to be an important contributor to the mechanical variability of foot function from one individual to another. Green and Carol 19 described the concept of planal dominance that links the motion available in each cardinal plane at a joint with the position of the joint's axis. The greater the angle formed between the axis and the plane of motion, the more motion will occur in that plane. It is clear that as the spatial location of the subtalar joint axis changes, so too will the planal dominance of the subtalar joint change.
In addition, the spatial location of the subtalar joint axis may vary widely when the foot moves from maximum pronation to maximum supination during weightbearing rotations of the foot. The main contemporary textbooks on the biomechanics of the foot and ankle show a subtalar joint axis that is angled from posterolateral to anteromedial relative to the foot. However, it is evident that this may not always be correct for all rotational positions of the subtalar joint. In Figure 4 , the image on the left shows the foot in a maximally pronated position, with the subtalar joint axis angled from posterolateral to anteromedial; however, in the image on the right, when the foot is maximally supinated, the axis can be seen to pass anterolaterally rather than anteromedially.
The synchronous change in subtalar joint axis spatial location with changes in the rotational position of the subtalar joint has been described previously by Kirby. 6 These changes in subtalar joint axis spatial location relative to the external forces acting on the foot from ground reaction force and relative to the anatomical locations of the insertion points of muscles acting on the foot have a profound mechanical influence on the subtalar joint moments produced during weightbearing activities. [1] [2] [3] [4] [5] [6] [7] For example, when the foot in Figure 4 is maximally pronated and all of the metatarsal heads are lateral to the subtalar joint axis, ground reaction force acting on any of the metatarsal heads results in a subtalar joint pronation moment. However, when the same foot is maximally supinated and the subtalar joint axis passes between the fourth and fifth metatarsal heads, any ground reaction forces acting on the first through fourth metatarsal heads will produce a subtalar joint supination moment because they are medial to the subtalar joint axis, whereas ground reaction forces acting at the fifth metatarsal head will produce a subtalar joint pronation moment because it is positioned lateral to the axis. Therefore, in this foot, moving from the maximally pronated position to the maximally supinated position would change the mechanical effect of ground reaction forces acting plantar to the first metatarsal head from a strong subtalar joint pronation moment to a strong subtalar joint supination moment. These large changes in the spatial location of the subtalar joint axis invariably occur with rotations of the subtalar joint, and with variations in the geometry of the foot skeleton, and cause many of the abnormal rotational forces (ie, moments) in the joints of the foot that cause many of the mechanically based pathologies of the foot and lower extremity. [1] [2] [3] [4] [5] [6] One of the main possible benefits of the SJAL is that it may be used to assess the subtalar joint spatial location dynamically during weightbearing activities (Figs. 6-8 ). Our testing showed that the device could track the dynamic excursion of the subtalar joint axis in three dimensions during gait. This allowed better appreciation of the spatial movements and temporal movement patterns of the subtalar joint axis during the gait cycle. Replacing the anterior and posterior marker of the SJAL with markers from a motion-analysis system and linking this kinematic data with the kinetic data from a force plate could provide more precise information regarding the magnitude of moments acting on the subtalar joint during gait.
Any abnormal movements or abnormal temporal movement patterns of the subtalar joint axis during dynamic function are likely to increase the mechanical stress on the tissues that limit subtalar joint motion, and this may, in turn, result in musculoskeletal pathology. 5, 6 Because the magnitude of stress in the tissues that restrain a joint at the ends of its range of motion is increased when the joint approaches that end range of motion, the magnitude of tissue stress in these restraining structures will necessarily decrease when the joint is functioning in its midrange position. 5 With this in mind, any treatment approach that attempts to limit the extreme excursions of the subtalar joint rotational position and the subtalar joint spatial location, and that attempts to normalize their temporal movement patterns, should be capable of reducing tissue stress around the joint, thus improving symptoms caused by increased magnitudes of tissue stress. The ability of the SJAL to track the spatial movements and the temporal movement patterns of the subtalar joint axis during gait in a clinical environment may, therefore, assist the clinician with the prescription of functional foot orthoses and other mechanical therapies.
The S JAL may help us predict and understand pathology caused by abnormal subtalar joint supination moments. For example, in the foot shown in Figure 4 , as the subtalar joint becomes increasingly supinated, such as during propulsion, the subtalar joint axis will shift more laterally in relation to the forefoot, which will cause an increase in subtalar joint supination moments caused by ground reaction forces. Because excessive subtalar joint supination moment magnitudes may lead to inversion sprains of the ankle, sufficient subtalar joint pronation moment magnitudes need to be generated from some source to counteract them to avoid inversion ankle injuries during propulsion. A counterbalancing of subtalar joint supination moments may be possible only through the subtalar joint pronation moments caused by ground reaction forces acting on the fifth metatarsal head or through contractile activity of the peroneus longus or peroneus brevis muscles. The subtalar joint axis location and rotational equilibrium theory of Kirby 6 predicts that feet that display lateral deviation of the subtalar joint axis are prone to supination-related pathology. Perhaps unsurprisingly, the subject illustrated in Figure 4 reported a history of peroneal tendinitis and inversion sprains of the ankle.
The SJAL may also be used to evaluate the abnormal subtalar joint moments that occur in patients with severely pronated feet. A dynamic study of a patient with a significantly medially deviated subtalar joint axis showed that no resupination of the subtalar joint occurred during the propulsive phase of walking (Fig. 7) . In this patient, the subtalar joint axis passed over the medial border of the foot, with all of the metatarsal heads being located lateral to the axis so that any ground reaction forces acting on the forefoot would produce a large magnitude of subtalar joint pronation moment. The subtalar joint axis location and rotational equilibrium theory 6 predicts that this patient should be predisposed to pronationrelated pathology. In addition to the obvious hallux valgus deformity noted, the patient reported symptoms and had clinical findings consistent with posterior tibial tendinitis. With the patient in the relaxed standing position, varus wedging was added incrementally beneath the heel in an attempt to supinate the subtalar joint and shift the subtalar joint axis laterally into a more "normal" alignment as described by Kirby [1] [2] [3] (Fig. 9A) . A total of 15°of varus wedging was added before an observable shift in axis position occurred. A total of 18°of wedging was needed to direct the axis into a "normal" 1-3 alignment (Fig. 9 B and C). The patient was prescribed a 3-mm polypropylene device with an 18°, 5-mm medial heel skive that resulted in vast improvement in the patient's posterior tibial tendinitis symptoms.
From the discussion of these two clinical examples, it becomes evident that the SJAL may prove to be helpful in recognizing the spatial movements and temporal movement patterns of the subtalar joint axis during dynamic function in patients with mechanically related pathology of the foot and lower extremity. Therefore, the SJAL could be a useful tool in the prevention and treatment of foot and lowerlimb pathology. In addition, the potential ability of the SJAL to allow researchers to combine the spatial and temporal movement patterns of the subtalar joint axis along with ground reaction force data from force-plate analysis may add considerably, in the Figure 9 . With the patient from Figure 7 in the relaxed standing position (A), varus wedging was added incrementally beneath the heel to supinate the subtalar joint and shift the subtalar joint axis laterally into a more "normal" alignment as described by Kirby 1-3 ; a total of 15°of varus wedging was added before an observable shift in axis position occurred. A total of 18°of wedging was needed to direct the axis into a "normal" [1] [2] [3] 
alignment (B and C).
A B C future, to our understanding of normal and abnormal foot and lower-extremity function during weightbearing activities. Further trials of the instrument are required in many more subjects before its reliability and validity can be better determined for all foot types and all types of weightbearing activities.
Conclusion
In a preliminary radiologic study of two adults, the SJAL was accurate at tracking the talar neck position during weightbearing rotational motions of the subtalar joint even though the SJAL was physically attached only to the calcaneus. It is possible, then, that the SJAL can reliably track the spatial location of the subtalar joint axis during weightbearing movements of the foot. The SJAL has also been successfully applied clinically in preliminary dynamic studies. As a result, the SJAL may have applications as a research tool and as an aid to foot orthosis prescription in the clinical environment. We hope that this preliminary study stimulates more research on possible experimental or clinical applications of the SJAL and on whether the device can aid in understanding and improving the treatment of musculoskeletal disorders of the foot and lower extremity.
